Introduction
============

Colorectal cancer (CRC) is the third most commonly diagnosed cancer globally. Each year, more than 600,000 people die from colorectal cancer [@B1]. The majority of CRC cases are diagnosed at later stages, and it is estimated that approximately 40% of CRC patients progress to fatal metastasis with poor survival rates as a result [@B2]. Despite the well-established treatment modalities (surgery, radiation, and chemotherapy) used in management of carcinoma of the colon, the survival of patients has not improved significantly in the past decades, making it a major public health problem [@B3], [@B4]. Therefore, the development of novel, less toxic therapeutic agents is imperative to help reduce the high mortality and morbidity rates associated with CRC [@B5], [@B6].

Gene therapy involves the delivery of DNA, RNA, small interfering RNAs, or antisense oligonucleotides [@B7]-[@B9]. Thus far, most of the clinical trials in gene therapy for cancer treatment report remarkable efficacies both*in vitro* and*in vivo* [@B1]. In recent years, increased recognition of the link between inflammation and development of cancer has led to progress in cancer immunotherapy, which is designed to stimulate host immune mechanisms to reject and destroy tumors and circulating tumor cells [@B11],[@B12]. Of these immune-modulators, interleukin-15 (IL-15), a potent pro-inflammatory cytokine, has emerged as a candidate for the treatment of colon cancer [@B13], [@B14].

IL-15 is a member of the four α-helix bundle family of cytokines and was first identified in the supernatant of the monkey epithelial cell line CV-1/EBNA [@B15]. Since its discovery two decades ago, IL-15 has become one of the most promising therapeutic agents in cancer immunotherapy, with multiple studies attributing antitumor effects to IL-15, along with enhanced cell cytotoxicity by natural killer (NK) and CD~8~^+^ T cells [@B2]. Previous studies found that IL-15 administration inhibits tumor growth and prolongs survival rates in mice with CT26 colon cancer [@B17]. Despite this success, systemic bolus administration of IL-15 results in a pharmacokinetic profile with multiple peaks and valleys. Furthermore, as a soluble molecule, IL-15 undergoes rapid clearance by the kidneys and must be administrated daily in large doses, potentially resulting in toxicity or suboptimal efficacy [@B3]. However, the low transfection potency, cytotoxicity of the reported gene vector caused by its high positive charge density, and poor stability of the formulation has largely limited the application of gene therapy for treating cancer. A delivery method with reduced side effects and high transfection potency can address this need, as described here.

In this study, we developed a novel gene delivery system with a self-assembly method by MPEG-PLA and DOTAP and reported that transfected cancer cells expressed and secreted high level of IL-15 cytokine, which serves to activate the host immune system. Furthermore, the potential toxicity is dramatically reduced, and steady expression of IL-15 creates a stronger antitumor immune response. The pharmaceutical properties, *in vitro* biological activity, *in vivo* antitumor effects, antitumor mechanisms, and preliminary toxicity evaluation of DOTAP/MPEG-PLA-pIL15 (DMA-pIL15) are presented in this study.

Results
=======

Preparation and characterization of DMA-pIL15
---------------------------------------------

DMA and DMA-pIL15 were produced by the described self-assembly method (**Figure [1](#F1){ref-type="fig"}**). As shown in **Figure [2](#F2){ref-type="fig"}**, interaction between DOTAP and MPEG-PLA copolymer in the environment of water made them gradually approach each other. DOTAP tried, on the surface of MPEG-PLA copolymer, to find a suitable place for interaction by moving its position and adjusting its conformation. Meanwhile, MPEG-PLA copolymer continuously adjusted its conformation to provide a good site for DOTAP.

The zeta-potential and size were found to be 7 mV and 83.47 nm (PDI: 0.21) for DMA-pIL15, and TEM images depicted the spheroidal morphology of DMA/pIL15, with an estimated size of \~25 nm (**Figure [3](#F3){ref-type="fig"}**).

Gel retardation assays were used to characterize the ability of the DMA liposome to carry DNA. As shown in **Figure [3](#F3){ref-type="fig"}E**, the free DNA was not entrapped in the liposome and appears as a bright band (lanes 1 to 9), and no other band of free DNA was observed in lanes 10 to 12. This suggests that pIL-15 DNA was completely incorporated into the DMA and that the lipoplexes were prepared successfully without free pIL15 DNA at a N/P ratio of DMA: DNA of 5:1.

High transfection efficiency of DMA-pIL15 in CT26 cells
-------------------------------------------------------

In the *in vitro* cell transfection assay, DMA produced high GFP transfection efficiency in CT26 cells after incubation for 24 h as shown in **Supplementary Figure [1](#SM0){ref-type="supplementary-material"}**. The specific transfection rate demonstrated by flow cytometry analysis was 43.4%±2.1% and 51.1%±1.7% when DMA was mixed with GFP at a N/P ratio of 5:1 after 24 h with serum-free media and at a N/P ratio of 20:1 after 24 h with 10% serum media during transfection (**Figure [4](#F4){ref-type="fig"}A-B**). CT26 cells were transfected with DMA, DMP-pc3.1 or DMA-pIL15, or were treated with GS as a negative control, and we found that the IL-15 expression level in the DMA-pIL15-transfected cell culture supernatant to be significantly higher than that of the control groups after 72 h of incubation in culture by an ELISA test (**Figure [4](#F4){ref-type="fig"}C**). In order to test the ability of DMA to deliver plasmid, mice bearing tumors were treated by intravenous administration with plasmid labeled with toto-3 loaded into DMA. *In vivo* imaging showed high delivery efficiency in the mice treated with intravenously injected DMA-pDNA-toto-3 (**Figure [4](#F4){ref-type="fig"}D**).

DMA-pIL15 increased proliferation and the cytotoxic effect of lymphocytes
-------------------------------------------------------------------------

CT26 cells were transfected with DMA, DMA-pc3.1, or DMA-pIL15, or treated with GS as a negative control for 72 h. Supernatant from these treatment groups was collected for further culture of lymphocytes over 24 h; we then observed the activity of lymphocytes from each group. Expressions of TNF-α and IFN-γ in the serum by lymphocytes in the DMA-pIL15 group were found to be significantly higher than those of all the control groups (**Figure [5](#F5){ref-type="fig"}A**). We further analyzed these cultures of lymphocytes and found a greater number of CD~4~ and CD~8~ lymphocytes in the DMA-pIL15 group than in the control group (**Supplementary Figure [2](#SM0){ref-type="supplementary-material"}**). Furthermore, the level of CD~4~/IFN-γ and CD~8~/IFN-γ was also found to be improved in the group treated with DMA-pIL15 (**Supplementary Figure [3](#SM0){ref-type="supplementary-material"}**).

When lymphocytes were treated for 24 h, the supernatants were collected to culture CT26 cells for 24 h. We found that the CT26 cell activity of the DMA-pIL15 group was significantly inhibited in the DMA-pIL15 group when compared with the cell activity of the DMA or DMA-pc3.1 groups. We then analyzed the potential reason behind the growth inhibition of the CT26 cells and found evidence that the level of apoptosis in the DMA-pIL15 group was 58.5% higher than in all the control groups (p\<0.05) (**Figure [5](#F5){ref-type="fig"}B-G**). The supernatant may have some killer factors from lymphocyte secretion, thus GS, DMA and DMA/pc3.1 also induced obvious cell apoptosis.

*In vivo* antitumor effect of DMA-pIL15
---------------------------------------

DMA loaded with pc3.1 and pIL-15 was applied to treat CT26 colon cancer in a Balb/c mouse model via intravenous injection. DMA-pIL15 treatment showed a dramatic anti-tumor effect compared to the other lipoplexes (DMA-pc3.1, DMA, and GS), and otherwise no significant differences were observed among the DMA-pc3.1-treated, DMA-treated, and control groups. DMA/pIL-15 significantly reduced the mass of tumors (with an average tumor mass of 0.52 ±0.09g) compared to the DMA (2.04 g±0.28), DMA/pc3.1 (1.84±0.19 g), and GS (1.97 g±0.23) groups. In addition, mice treated with DMA-pIL15 were also found to have the lowest body weights compared to those of control groups (**Figure [6](#F6){ref-type="fig"}**).

We also observed similar anti-tumor effects in a peritoneal model. **Figure [7](#F7){ref-type="fig"}** shows that the average body weight of mice treated with DMA-pIL15 was significantly lower than that of DMA-pc3.1-treated mice, DMA-treated mice, or untreated tumor-bearing mice, which was caused by tumor weight. The mice treated with DMA-pIL15 had significantly fewer and smaller tumor nodules than mice in the control group. Furthermore, treatment with DMA-pIL15 also controlled the occurrence of ascites compared to that of the controls.

DMA-pIL15 treatment increased the expression of IL-15 and secretion of IFN-γ, TNF-α, and IL12
---------------------------------------------------------------------------------------------

We then explored the potential anti-tumor role of DMA-pIL15 and measured expression of IL-15 by ELISA. After two rounds of treatment, ascites and tumors were harvested. We found that mice treated with DMA-pIL15 had significantly higher expression of IL-15 than control groups treated with DMA or DMA-pc3.1, and this held true in both models---subcutaneous and intraperitoneal. Anti-tumor effects of DMA-pIL15 could also be explained by the marked increase in expression of IFN-γ, TNF-α, and IL12 in ascites and tumor biopsies after the treatment was completed with DMA-pIL15 (**Figure [8](#F8){ref-type="fig"}**).

Induction of lymphocytes
------------------------

Herein, we hypothesized that the antitumor effects induced by IL-15 were due to T cell activation. The effect of DMA-pIL15 on spleen cells was investigated by flow cytometry analysis (**Figure [9](#F9){ref-type="fig"}A**) and standard ^51^Cr-release assay. Spleen cell-mediated cytotoxicity was examined via a ^51^Cr release assay to determine levels of T cell activation. Results show that treatment with DMA/pIL15 increased spleen cell-mediated cytotoxicity (**Figure [9](#F9){ref-type="fig"}B**). At effector to target (E/T) ratios of 200/1 or 50/1, the splenocytes from mice treated with DMA/IL15 showed elevated cytotoxic activity relative to the control groups (p\<0.05; **Figure [9](#F9){ref-type="fig"}B**). Because lymphocytes are mixed cells, the splenic lymphocytes at E/T=200 showed a low CTL efficacy of \~20%, which was caused by the low percent of the specific effector cells.

When examining spleen IFN-γ^+^ cytotoxic T cells of subtypes CD~4~^+^ and CD~8~^+^, DMA/pIL15-treated mice showed increased CD~4~^+^ T cell levels (0.59%) and CD~8~^+^ T cell levels (0.41%) relative to the control group (p\<0.05; (**Supplementary Figure [4](#SM0){ref-type="supplementary-material"}**). These results suggest that increased T cell activation and expansion of IFN-γ^+^ cytotoxic T cells were induced by the secretion of IL-15 in tumor cells treated with DMA/pIL15, thus generating the observed antitumor effects.

DMA-pIL15 induces cancer cell apoptosis, inhibits tumor cell proliferation, and suppresses tumor angiogenesis
-------------------------------------------------------------------------------------------------------------

Tumor growth is considered a destruction of the balance between apoptosis and proliferation. To explore whether phenotypic changes occurred in the tumor tissues, the percentage of apoptotic and proliferating cells were examined (**Figure [10](#F10){ref-type="fig"}**). The TUNEL assay was used to determine severity of apoptosis. This assay functions by detecting early DNA fragmentation and allowed us to understand whether apoptosis contributes to the antitumor effects of treatment with DMA-pIL15 observed *in vivo*. In the DMA-pIL15-treated group, 37.1% TUNEL-positive cells were identified, exceeding that of the DMA/pc3.1-treated group. To assess levels of tumor cell proliferation, Ki67 staining was performed. The results showed fewer proliferating cells in tumor tissues treated with DMA-pIL15 than in those treated with DMA-pc3.1 or GS. Moreover, higher numbers of necrotic tumor cells were observed in DMA-pIL15-treated tumor tissues following H&E staining. In addition, the DMA-pIL15 group also demonstrated anti-angiogenesis effects when compared to the DMA-pc3.1, DMA, and GS groups by CD31 staining. Taken together, these evidences suggest that DMA-pIL15 can successfully deliver pIL15 to tumor cells and generate antitumor effects by activating immune cells, inducing tumor cytotoxicity, activating apoptotic mechanisms, and inhibiting tumor cell proliferation and vascular formation.

Assessment of the safety and toxicity of DMA-pIL15
--------------------------------------------------

To examine potential toxicity of DMA-pIL15, mouse organs (heart, liver, spleen, lungs, and kidneys) were harvested and stained with H&E for histopathological analysis. Vital organ sections from the DMA-pIL15 group all showed normal histological morphology, and no toxicity was found. In addition, no obvious toxicities were observed in the mice, as determined by hematological index (**Supplementary Figures [5](#SM0){ref-type="supplementary-material"}-7**).

Discussion
==========

Cancer gene therapy, which is the treatment of cancer by employing antisense, small interfering RNA, or other DNA at the tumor site, has attracted considerable attention worldwide [@B19]. IL-15, a cell growth factor that regulates lymphocyte function and homeostasis, demonstrates strong immunostimulatory activities that make it an exciting candidate for cancer therapy [@B20]. Unfortunately, the recombinant IL-15 protein used in clinical trials undergoes rapid renal clearance and has a short plasma half-life, diminishing its antitumor effects [@B21], [@B22]. Furthermore, systemic administration of IL-15 can increase the risk of potential toxic side effects, including the induction of autoimmunity [@B4]. Possible solutions to lengthen the time window of IL-15 bioavailability or to administer IL-15 locally were found through gene therapy approaches such as transferring the gene of interest as naked DNA or transfecting it into immune or tumor cells through lipofection, electroporation, or viral transduction. These approaches are currently being investigated as new methods for IL-15 combination therapies. Gene delivery systems help to enhance the specific delivery and expression of therapeutic genes at the site of tumor development, thus improving the efficacy of gene therapy. One aim of the present study was to generate a novel vector that overcomes the barrier of low transfection efficiency of liposome vector systems for IL-15 gene therapy.

In this study, we showed that the DMA-based lipoplex significantly increased gene transfection efficiency of GFP in CT26 colon cells *in vitro* as detected by flow cytometry and imaging. Treatment of tumor-bearing mice with DMA/pIL-15 significantly inhibited tumor growth, prolonged survival, and reduced tumor burden from the formation of ascites. Intensively increased expression of IL-15 was found in tumor tissue of mice treated with DMA/pIL-15 compared to other groups, a potential benefit from using DMA as a carrier. High levels of IL-15 induced IFN-γ and TNF-α secretion at the tumor site and in peritoneal fluid. Anti-tumor effect was achieved by induction of tumor cell apoptosis, inhibition of tumor cell proliferation, and inhibition of angiogenesis, as detected by immunohistochemical staining. Moreover, the preliminary safety of DMA/pIL-15 was assessed, and no abnormalities were observed in vital organs of all targeted gene-treated groups of mice. Therefore, we conclude that the DMA-based gene delivery system offers promise as an anticancer agent, given its effectiveness in inducing gene expression and targeting therapy as well as its positive safety profile.

Interleukin-15, as an immune modulator, has the potential to both modulate immune suppression and promote immune activation, rendering it a promising therapeutic option. However, substantial dose-dependent toxicity is induced by the initial clinical use of recombinant IL-15 protein, whereas no signs of IL-15 toxicity were observed in our DMA-based gene therapy protocol, albeit in mouse models. Published reports using recombinant IL-15 protein only yielded low levels of IL-15 bioavailability, and the need for high doses of IL-15 to realize the anti-cancer immunity could cause toxicity locally or systemically [@B24]. However, in this work, we showed a relatively high transfection efficiency of IL-15 with DMA. Furthermore, previous studies in mice demonstrated moderate anti-tumor activity of murine IL-15 when it is administered alone, and this can only be improved in combination with other cytokines or therapy [@B13]. In our study, incorporation of pIL-15 by DMA resulted in higher intracellular uptake of IL-15 DNA, causing higher levels of transcription and higher levels of secreted IL-15, and improving the anti-tumor efficiency of cytokine gene transfer.

Through our experiments, we observed that IL-15 induces high-level expression of TNF-α and IFN-γ at the tumor site. These results agree with data from other groups demonstrating that the anti-tumor effects of IL15 are executed by enhancing NK cells\' cytotoxicity, thereby increasing the production of cytokines such as TNF-α and IFN-γ [@B25], [@B26]. Previous reports have also indicated that IL-15 has anti-angiogenic activity. This effect is exerted in an indirect manner by triggering the secretion of IFN-γ, which in turn induces the anti-angiogenic effects [@B27]. In addition, TNF-α serves as a multi-functional antitumor cytokine playing a key role in cell apoptosis, inflammation, and host immunity [@B5]. Taken together, information from this and previous studies help explain the increased severity of apoptosis [@B29]-[@B31], reduced tumor cell proliferation, and reduced angiogenesis observed in the tumor tissues treated with DMA/pIL-15 in our study. Our data provide additional evidence that IL-15 gene delivery directly into tumors can alter the local cytokine environment by induction of IFN-γ and TNF-α expression, suggesting that IL-15-mediated tumor regression may partially depend on these cytokines [@B32], [@B33]. Furthermore, we also found that DMA/pIL-15 gene therapy heightens host adaptive immunity by increasing the numbers of CD~4~^+^ and CD~8~^+^ lymphocytes and activating NK cells. Similar to earlier descriptions [@B34]-[@B37], IL-15 proved to be a stimulator both of CD~8~^+^ T cells of the adaptive immune system and NK cells of the innate immune system, which proves immunotherapy has a good prospect in tumor therapy [@B38]. Overall, in this context, we showed that DMA-IL-15 gene therapy enhances both apoptosis of tumor cells as well as the host immune response, leading to a significant reduction in tumor burden and increased survival in both subcutaneous and intra-peritoneal mouse models of colon cancer.

In summary, we developed novel and safe DMA-based lipoplexes loaded with pIL-15 (DMA/pIL-15). The lipoplexes were composed of DMA as the vector carrier and pIL-15 as the therapeutic gene. DMA liposomes enhanced the uptake of pIL-15 by CT26 colon cancer cells, and treatment with DMA/pIL-15 lead to high levels of IL-15 both in tumor cells *in vitro* and in tumor tissues *in vivo*. This lead to an efficient anti-tumor effect mediated by the induction of cancer cell apoptosis, inhibition of tumor cell proliferation, and suppression of tumor angiogenesis through improved lymphocyte proliferation and secretion of TNF-α and IFN-γ. Survival of tumor-bearing mice treated with DMA/pIL-15 was significantly prolonged. Preliminary safety evaluation implies that DMA/pIL-15 is a safe and efficient therapeutic agent in gene therapy for breast cancer. Therefore, the DMA-based lipoplexes leading to therapeutic gene expression of IL-15 serve as a promising candidate for the clinical treatment of CRC.

Methods
=======

Materials
---------

Materials were purchased from standard sources: 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) (Avanti Polar Lipids Inc., Alabaster, AL, USA); 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma, USA); Dulbecco\'s Modified Eagle\'s Medium (DMEM) and fetal bovine serum (FBS) (Gibco BRL, USA); methanol and acetic acid (HPLC grade) (Fisher Scientific, UK); and dimethyl sulfoxide (DMSO) and acetone (KeLong Chemicals, China). Antibodies used include: rat anti-mouse CD~31~ polyclonal antibody (BD PharmingenTM, USA), CD4 antibody (BD PharmingenTM, USA), CD8 antibody (BD PharmingenTM, USA), CD69 antibody (BD PharmingenTM, USA), IFN gamma antibody (BD PharmingenTM, USA), rabbit anti-mouse Ki67 antibody (Abcam, USA), and rhodamine-conjugated secondary antibody (Abcam, USA). Toto-3 was purchased from Thermo Fisher Scientific. Mouse TNF alpha ELISA kit, mouse IFN *gamma* ELISA kit and mouse IL-15/IL-15R Complex ELISA kit were purchased from eBioscience.

MPEG(2000)-PLA(4000) diblock copolymer with a designed molecular weight of 3,000 Da was synthesized by opening of the l-lactide ring, initiated by MPEG. MPEG (5.0 g) was melted in a 50-mL flask following the addition of anhydrous l-lactide (10 g) and Sn(Oct)2 (1 mL) under nitrogen. The reactant mixture was maintained at 125 °C for 24 h. The crude product was dissolved in tetrahydrofuran and then purified by precipitation in ice-cold diethyl ether followed by filtration. This process was performed in triplicate, and the resultant product was vacuum dried at ambient temperature. The number average molecular weight (Mn) of MPEG-PLA copolymer was 6,010 Da (data not shown). MPEG (with a molecular weight of 2,000 Da) (Sigma-Aldrich Co.) was dried in a one-necked flask under vacuum and stirred at 105 °C for 90 min before use.

Molecular dynamics
------------------

Simulated annealing was performed on the optimized structures by using MD so as to obtain a lower energy minimum. Solvent effect was considered implicitly by CHARMM27 [@B39] in the process of MD simulation. The MD simulations include heating from 0 K to 600 K, simulating at 600 K, cooling from 600 K to 300 K, and running at 300 K. At each stage, the simulated time was set to 100 ps.

Preparation of DOTAP/MPEG-PLA (DMA) and DMA-pIL15
-------------------------------------------------

MPEG-PLA (90 mg) and DOTAP (10 mg) were dissolved in acetone (2 mL). The mixture was then placed into a round-bottom flask, and acetone was removed by way of a water bath (55 ℃) under negative pressure conditions (20 min). At last, a 5% glucose solution (GS) (5 mL) was added to prepare the DMA gene carrier. pIL15 was added into DMA solution, and incubated for 20 min. DMA-pIL15 was obtained.

Characterization of DMA-pIL15
-----------------------------

The morphological characteristics of DMA-pIL15 were observed using transmission electron microscopy (TEM; FEI Tecnai G^2^ F20, Hillsboro, OR, US). Prior to analysis, samples were diluted with distilled water, placed on a copper grid, stained with molybdophosphoric acid (1 min), and allowed to dry at room temperature. Mean particle size and zeta potential of DMA were determined by a Zetasizer NanoZS ZEN 3600 (Malvern Instruments, Ltd., Malvern, Worcestershire, U.K.).

Agarose gel electrophoresis of naked plasmid DNA and DMA-IL15 complexes
-----------------------------------------------------------------------

After DMA-IL15 was prepared, agarose gel electrophoresis was conducted in pH 7.4 TAE buffer containing Gold View to stain nucleic acids. Briefly, DMA was mixed with IL-15 in increasing N/P ratios (0:1, 1.25:1, 2.5:1 and 5:1) to form complexes. Gel retardation assays were conducted on a 1% agarose gel (Invitrogen Corp., Carlsbad, CA, U.S.) in tris-acetate running buffer containing Gold View (120 V for 20 min). Results were documented using a standard imaging system (Bio-Rad Laboratories, Hercules, CA, U.S.).

Cell culture and *in vitro* gene transfer and expression
--------------------------------------------------------

The murine colon cancer cell line CT26 was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and were cultured using standard sterile procedure in RPMI 1640 medium (Gibco-BRL, Rockville, IN, USA) containing 10% FBS (Sigma Chemical Co., St. Louis, MO), 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained with humidity and 5% CO~2~ at 37 °C.

CT26 cells were seeded on a Costar six-well plate (Corning Incorporated, Corning, NY, USA) at a density of 1.5×10^5^ cells/well in 2 mL of complete RPMI-1640 culture medium. After 24 h of incubation, media was replaced with 800 μL serum-free RPMI-1640 medium per well. DMA/pGFP, DMA/pc3.1, or DMA/pIL15 in a final volume of 200 μL and containing 4 μg plasmid DNA were subsequently added to designated wells and allowed to incubate for 5 h before replacement with RPMI-1640 culture media. GFP-transfected cells were observed under a fluorescent microscope (Olympus IX73, U-HPLGPS, Olympus Corporation, Shinjuku, Tokyo, Japan) following an additional 24-h incubation, and transfection efficiency was determined via FACS flow cytometry (BD Biosciences, San Jose, CA, USA).

In cells transfected with DMA, DMA/pc3.1, DMA/pIL15 or otherwise treated with GS as a negative control, IL-15 expression levels were determined after 72 h using a mIL-15 ELISA kit (eBioscience Inc., San Diego, CA, U.S.) according to the manufacturer\'s instructions.

Imaging *in vivo*
-----------------

*In vivo* colon cancer mouse models were established by subcutaneous injection of CT26 cells (1×10^6^ cells in 0.2 mL of serum-free RPMI-1640). After two weeks, mice from the experimental group (DMA/pDNA) were intravenously injected with liposomal plasmid DNA (labeled with toto-3; 20 μg) in 200 μL of GS, while the control group received the same volume of GS with the same amount of DMA-pc3.1. Images were taken on a IVIS Lumina imaging system (Caliper, USA).

*In vitro* lymphocyte stimulation test
--------------------------------------

CT26 cells were cultured in a six-well plate, at a concentration of 2×10^5^ cells per well. After CT26 cells were transfected with DMA, DMA-pc3.1, DMA-IL15, or treated with GS as a negative control, and cultured for 72 h, supernatant from each group was collected. These were further applied to culture spleen-derived lymphocytes, and lymphocyte proliferation after 24 h in culture was tested using the CCK-8 method. Furthermore, ELISA assays were used to measure the expression of IFN-γ and TNF-α by lymphocytes in each treatment group at 24 h. Expression of IFN-γ was determined by IFN-γ-PE (BD Biosciences) staining for 30 min at 4 °C after samples were fixed and permeabilized with paraformaldehyde and Triton-X 100. In addition, proliferation of lymphocytes from each group after 24 h in culture was also tested by cytometry (BD Biosciences, San Jose, CA, USA) using carboxyfluorescein succinimidyl ester (CFSE) staining. Lymphocytes from each group were stained for T cell markers CD~19~-APC (BD Biosciences), CD~4~-APC (BD Biosciences), and CD~8~-APC (BD Biosciences), as well.

*In vitro* lymphocyte cytotoxicity test
---------------------------------------

CT26 cells were transfected with DMA, DMA-pc3.1 or DMA-IL15, or treated with GS as a negative control, for 72 h, and supernatants were collected and used to culture lymphocytes. After culturing lymphocytes for 24 h, supernatants were collected to further culture CT26 cells. Briefly, cells were seeded on 96-well plates (Corning Inc., NY, US) at a density of 3,000 cells per well with the collected supernatants. After the cells were cultured following standard protocols, 20 μL of CCK-8 stock solution was added to each well, and the cells were further cultured at 37 °C for an additional 4 h.

Absorbance values at 570 nm from each well, proportional to the number of viable cells in that well, were read on a Multiskan MK3 microplate reader (Thermo Fisher Scientifc Inc., Waltham, MA, US). Untreated cells were used as a control, and cell viability (%) was determined relative to the control by calculating A~treated~/A~control~×100%. We also measured apoptosis of cancer cells by flow cytometry.

Murine colon cancer model establishment
---------------------------------------

CT26 colon carcinoma cells were obtained from American Type Culture Collection (Manassas, VA, US), cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), and maintained at 37 °C with 5% CO~2~. All animal experiments were performed in accordance with guidelines of the Animal Care Committee of Sichuan University (Chengdu, China) and were approved. Female BALB/c mice (6-8 weeks old) were purchased from Vital River (Beijing, China) and housed in a specific-pathogen-free (SPF) environment at stable room temperature and humidity and were handled in strict accordance with proper, standard animal practices.

*In vivo* mouse models of colon cancer were established by subcutaneous (s.c.) injection of CT26 cells (1×10^6^ cells in 0.2 mL of serum-free RPMI-1640) or by intraperitoneal (i.p.) injection of CT26 cells (\~2×10^5^ cells in 0.2 mL of serum-free RPMI-1640). Mice were randomly allocated into four groups (GS, DMA, DMA-pc3.1, or DMA/pIL15). To assess tumor growth, treatment began seven days (in the subcutaneous model) or three days (in the intraperitoneal model) after inoculation. Experimental group mice (DMA/pIL15) were given liposomal plasmid DNA (10μg) intravenously in 200 μL GS every two days for five total injections, while the other groups received the same amount of DMA or DMA-pc3.1 in the same volume of GS or received GS only as a negative control.

Mice were monitored daily for adverse effects. At the time of sacrifice (48 h after the final dose), tumor tissues, spleen, and other vital organs were harvested, and the total mouse mass, tumor volume, tumor mass, and volume of ascites were recorded. Specifically, tumor nodules were separated from the peritoneal cavity, cleared with 0.9% normal saline, and counted by two researchers using a double-blind method. Finally, a third researcher calculated and recorded the number of tumor nodules in each group. The level of secreted IL-15, IFN-γ, and TNF-α in the tumor tissues and peritoneal fluid were determined using commercially available ELISA kits (eBioscience, Inc., San Diego, CA, U.S.). Tumor tissues and vital organs of mice were also harvested for further analysis.

Flow cytometry analysis and spleen cell-mediated cytotoxicity assay
-------------------------------------------------------------------

Spleens from the peritoneal mouse models from the GS, DMA/pc3.1, DMA and DMA/pIL15 groups were harvested, ground with a pestle, and filtrated using a cell strainer (BD Biosciences, San Jose, CA, US) to form separate single-cell suspensions. Cells were stained for T cell markers CD~4~-APC (BD Biosciences) and CD~8~-FITC (BD Biosciences). The expression of IFN-γ was determined by IFN-γ-PE (BD Biosciences) staining for 30 min at 4 °C after samples were fixed and permeabilized with paraformaldehyde and Triton-X 100.

A 4 h ^51^Cr release assay was performed as previously described by other reports [@B7]. In the peritoneal tumor model, splenocytes from the four groups (GS, DMA, DMA-pc3.1 or DMA-pIL15) were harvested after the mice received two rounds of treatment. Briefly, these splenic lymphocytes, the effector cells, were treated with ammonium-chloride-potassium lysing buffer to deplete erythrocytes. CT26 cells (\~1×10^6^), the target cells, were labeled with 100 μCi ^51^Cr for 1 h at 37 °C and then washed and resuspended at a concentration of 1×10^5^ cells/mL. A total of 200 μL of effector cells and ^51^Cr-labeled target cells were assigned at different effector:target ratios (200:1, 100:1, 50:1, 25:1, and 12.5:1) to each well of 96-well plates and incubated for 4 h at 37 °C. Supernatant (100 μL) from each sample was then harvested, and the activity was calculated: % cytotoxicity = (experimental release - spontaneous release)/(maximum release - spontaneous release)×100%.

Proliferation, apoptosis, and microvessel density assays of tumor tissues
-------------------------------------------------------------------------

Tumor tissue proliferation was immunohistochemically analyzed using a rabbit anti-human Ki67 antibody (Novus Biologicals, Littleton, CO, US) with a streptavidin-biotin detection method. Ki67 expression was quantified by counting the number of positive cells in ten randomly selected fields at a 200× magnification. Tumor apoptotic levels were determined using a terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) immunofluorescence kit (Promega, Madison, WI, US) according to the manufacturer\'s instructions. Quantification of microvessel density was achieved by counting the number of microvessels in five random fields at 200× magnification. A single microvessel was defined as a discrete cluster or single cell stained positive for CD31. All the sections were observed and digitally photographed under a DM 2500 fluorescence microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany). All above sections were observed or counted by two investigators or pathologists in a blinded fashion.

Toxicity assessment
-------------------

To evaluate the potential toxicity associated with DMA-pIL15 treatment, vital organs tissues (heart, liver, spleen, lung, and kidney) of the treated mice were harvested, fixed in 4% paraformaldehyde solution, embedded in paraffin, and sectioned at 5 μm. Sections were hydrated and stained with hematoxylin and eosin (H&E) for histomorphometric analysis and observed by two pathologists in a blinded manner. Furthermore, blood and serum were also harvested for routine blood tests as well as hepatic and renal function tests. Blood cell counts were performed using an automated veterinary haematological analyser with a pre-programmed murine calibration mode (Hemavet 950FS; Drew Scientific, Waterbury, CT). Hepatic and renal function tests were performed in a Hitachi Automatic Analyzer (Boehringer, Indianapolis, IN).

Statistical analysis
--------------------

All data were analyzed using GRAPHPAD PRISM software (GraphPad, San Diego, CA). Data from multiple groups were analyzed using ANOVA, and multiple comparisons between the groups were performed using the Newman-Keuls method after ANOVA. Survival data were plotted using Kaplan-Meier curves and analyzed using the log-rank test. Tumor volumes were calculated as (smaller diameter)^2^(larger diameter)×0.52. Statistical significances of observed differences in tumor volume and vessel density were analyzed using the Student\'s t test. All values were presented as the mean ± the standard error of measurement. A p value of \<0.05 was considered to be statistically significant for all experiments.
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![**Transfection and function of pIL15 *in vitro* and *in vivo*.** MPEG-PLA and DOTAP were assembled into a new gene carrier---DOTAP/MPEG-PLA (DMA) micelles---which carry the pIL15 plasmid into cancer cells. Cancer cells then express and secrete IL15, which stimulates host immune cells and promotes proliferation and secretion of immunogenic factors that help kill tumor cells.](thnov08p3490g001){#F1}

![**Interaction modes between polymer and DOTAP revealed by molecular dynamics simulations in a water environment and in an aqueous environment after running for 300 ps. (A)** The initial conformation of polymer complexed with DOTAP. **(B-E)** Conformations corresponding to snapshots of the complex collected at 4.990 ps, 9.970 ps, 15.015 ps, and 300 ps, respectively. Polymer is represented with thick stick, while DOTAP is depicted with scaled ball and stick style. Two terminal heavy atoms in the polymer and the head heavy atom in the compound are highlighted using CPK style. **(F)** Polymer is represented with thick stick, while DOTAP is depicted with scaled ball and stick style. Two terminal heavy atoms in the polymer and the head heavy atom in the compound are highlighted using CPK style. **(G)** Polymer is described with a solid surface and the part corresponding to \[C2H5O\] is colored pink. DOTAP is represented in the same way and its carbon atoms are colored green.](thnov08p3490g002){#F2}

![**Preparation and physicochemical properties of DMA. (A)** Schematic depiction of DMA/pIL15. **(B)** Zeta-potential of DMA. **(C)** Morphological characteristics. **(D)** Particle size of DMA. **(E)** Gel retardation assay of DNA and complexes: lane 0, DNA marker; lanes 1 to 3, naked pIL15; lanes 4 to 6, N/P ratios of DMA/pIL15 (1.25:1); lanes 7 to 9, N/P ratios of DMA/pIL15 (2.5:1); lanes 10 to 12, N/P ratios of DMA/pIL15 (5:1). Results show that pIL15 is completely incorporated into DMA at a N/P ratio of 5: 1 and that complexes are prepared without free DNA.](thnov08p3490g003){#F3}

![**Measurement of transfection efficiency *in vitro* and *in vivo*.** DMA containing pEGFP (4 ug) was used to transfect CT26 cells at a weight ratio of 1:10 pEGFP to DMA. Transfection efficiency was measured by flow cytometry **(A)** at a N/P ratio of 5:1 after 24 h with serum-free medium and **(B)** at a N/P ratio of 20:1 after 24 h with 10% serum of transfection. **(C)** Detection of IL-15 in cell supernatant from different groups by ELISA (Mean ± SEM, n=3, \*, p \< 0.01, DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(D)** Bio-imaging analysis showing that tumors of DMA and DMA/pcDNA-toto-3 can be visualized by fluorescence due to uptake of DMA containing pcDNA-toto-3.](thnov08p3490g004){#F4}

![**Lymphocytes stimulated by the supernatant of transgenic tumor cells and cytotoxicity of lymphocytes supernatant.** When CT26 cells were transfected with DMA, DMA/pc3.1, or DMA/pIL15, or treated with GS as a negative control, for 72 h, the supernatant from different treatments were used to culture lymphocytes over the course of 24 h. **(A)** Proliferation of lymphocytes was detected by CCK8. Secretion of IFN-γ and TNF-α in the lymphocyte supernatant was detected by ELISA (mean ± SEM; n=3; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). When CT26 cells were treated with GS or transfected with DMA, DMA/pc3.1, or DMA/pIL15 for 72 h, the supernatants from different treatments were used to culture lymphocytes for 24 h. Resulting supernatant was then used to culture CT26 cells for 24 h, and the activity of CT26 cells was assessed by using the CCK8 test **(B)** (mean ± SEM; n=5; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). Apoptosis of CT26 cells was also detected by flow cytometry 24 h after adding the supernatant of lymphocytes. Results from flow cytometry are shown for **(C)** untreated CT26 cells, **(D)** the GS group, **(E)** the DMA group, **(F)** the DMA/pc3.1 group, and **(G)** the DMA/pIL15 group.](thnov08p3490g005){#F5}

![**Anti-tumor effect of DMA/pIL15 in the subcutaneous model of colon cancer. (A)** Tumor growth curves (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(B)** Tumor mass (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(C)** Body weight of mice (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(D)** Images of tumors.](thnov08p3490g006){#F6}

![**Anti-tumor effect of DMA/pIL15 in the peritoneal model of colon cancer. (A)** Body weight of mice (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(B)** Tumor mass (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(C)** Images of mice and tumors. **(D)** Volume of ascites (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(E)** Number of tumor nodules (≥3 mm) in different groups (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(F)** Number of tumor nodules (\<3 mm) in different groups (mean ± SEM; n=6; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1).](thnov08p3490g007){#F7}

![**Expression of IL-15, IFN-γ, TNF-α, and IL-12 *in vivo***. **(A)** Ascites were collected after the final treatment, and levels of IL-15 expression were measured in the four groups (GS, DMA, DMA/pc3.1, and DMA/pIL15) of the peritoneal model (mean ± SEM; n=3; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). Tumor tissue of the subcutaneous model and ascites of the peritoneal model (GS, DMA, DMA/pc3.1 and DMA/pIL15) were collected after the final treatment, and expression of **(B)** IFN-γ, **(C)** TNF-α, and **(D)** IL-12 were measured in the tumor tissue and ascites by ELISA. (For (B-D), mean ± SEM; n=3; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1).](thnov08p3490g008){#F8}

![**Proliferation of lymphocytes and increase in the numbers of cytotoxic T cells in the peritoneal model.** Splenic cells from the peritoneal model (GS, DMA, DMA/pc3.1, and DMA/pIL15) were collected after the final treatment. **(A)** Expression of IL-15 promoted the proliferation of CD8+ T lymphocytes and CD4+ T lymphocytes. **(B)** Splenic lymphocytes were tested against CT26 cells at different E:T ratios by a standard 4 h ^51^Cr release assay (mean ± SEM; n=3; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1).](thnov08p3490g009){#F9}

![**Detection of cell proliferation, tumor angiogenesis, and cell apoptosis. (A)** Cell proliferation was assessed by counting the number of Ki67-positive cells in the field, and less cell proliferation was observed in the DMA/pIL15 group compared to the other groups (mean ± SEM; five high power fields per slide; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(B)** Angiogenesis was assessed by counting the number of CD31-positive vessels in the field, and reduced angiogenesis was observed in the DMA/pIL15 group compared to the other groups (mean ± SEM; five high power fields per slide; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1). **(C)** Cell apoptosis was assessed by counting the number of TUNEL-positive cells in the field, and a greater level of apoptosis was observed in the DMA/pIL15 group compared to the other groups (mean ± SEM; five high power fields per slide; \*, p \< 0.01 DMA/pIL15 versus GS, DMA, DMA/pc3.1).](thnov08p3490g010){#F10}
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